Various cationic rhenium(I) and ruthenium(II) mono-and multinuclear complexes were successfully separated by sizeexclusion chromatography (SEC), using a 50:50 (v/v) mixture of methanol and acetonitrile with CH3CO2NH4 as an eluent. The logarithms of the molecular weights were accurately linear in the distribution coefficients: for linear-shaped rhenium(I) multinuclear complexes, log MW = -2.86KSEC + 5.24 (r = -0.990 and n = 15); for ring-shaped rhenium(I) multinuclear complexes, log MW = -2.94KSEC + 5.40 (r = -0.999; n = 5); for bimetallic complexes including ruthenium(II), log MW = -0.40KSEC + 3.37 (r = -0.959; n = 6). This separation method is applicable to the preparativescale separation of cationic multinuclear complexes from a mixture.
Introduction
Supramoleculars with multinuclear metal complexes as their main component have been widely studied in the development of photonic and electronic functional materials, including molecular wires as electronic junctions and photonic relays, 1, 2 and light harvesting systems. 1, 3 Many synthetic methods for multinuclear metal complexes have been reported in the last two decades, but methods for separation and identification have not been fully developed. Spectral methods, such as NMR, IR, and MS and elemental analysis can be used to characterize oligonuclear metal complexes having a limited number of metal ions. For polynuclear metal complexes with more metal ions, however, they may not provide sufficient information to deduce the structures.
Although adsorption and ion-exchange chromatography are usually applied to isolate metal complexes, polynuclear metal complexes cannot always be eluted from the column because of their high molecular weight and high charge.
Size exclusion chromatography (SEC) has recently been used to isolate and determine the molecular weight of multinuclear metal complexes. Neutral oligomers and polymers with rhenium(I) diimine, 4 platinum(II) ethynylarene 5 and metal porphyrins 6, 7 as repetition units can be analyzed using gel permeation chromatography (GPC) with THF, toluene, and CH3Cl. For polynuclear metal complexes with high positive charge, however, this method cannot be used because such complexes have low solubility in solvents of low polarity. Recently, N,N-dimethylformamide and N-methylpyroridone containing KPF6 or NH4PF6 have been used in the GPC analysis of polymers with cationic ruthenium(II) and rhenium(I) complexes. 8, 9 However, these solvents are not suitable for preparative chromatography, because their high boiling points make it difficult to remove the solvent. Polar solvents with stable and relatively low boiling points, such as methanol and acetonitrile, should be suitable for more general applications of SEC to multinuclear metal complexes, but they cannot be used as eluents for hydrocarbon-based GPC columns.
We report here on the separation of cationic rhenium(I) and ruthenium(II) polypyridine multinuclear complexes (Schemes 1 -3) using a hydrophilic column for gel filtration chromatography (GFC), which allow the use of methanol and acetonitrile as an eluent, and also report on a systematic analysis of the chromatographic behavior of such multinuclear cationic complexes with various nuclear numbers and the factors influencing the behavior.
Experimental

Materials
All reagents and solvents were of reagent-grade quality and were used without further purification.
All cationic complexes were prepared as PF6 salts. 1-NCS 10 were prepared according to methods in the literature. The rhenium(I) mononuclear complexes , and [Ru(CH3):Ru-CO] 4+ ) will be reported elsewhere.
HPLC procedures
For analysis with HPLC, we used a Shodex PROTEIN KW-802.5 (300 mm × 8.0 mm i.d.) with a KW-G guard-column (50 mm × 6.0 mm i.d.) as a analytical-SEC column, and a Jasco 880-51 degasser, a 880-PU pump, a MD-2010 Plus UV-Vis photo-diode-array detector and a Rheodyne 7125 injector. The detection wavelength was chosen as 360 nm because all of the complexes analyzed have a strong MLCT (metal-to-ligand charge-transfer) and/or π-π* absorption bands around 350 -500 nm. When PEG standard samples (supplied by Scientific Polymer Products, Inc., MW 300, 1000, 3000, 11000 and 20000, PDI < 1.10) were analyzed, a Jasco RI-2031 Plus RI detector was used. The column temperature was kept at 40 ± 0.1˚C using a Jasco 860-CO column-oven. The eluent was a 100:0 -25:75 (v/v) mixture of methanol and acetonitrile with 50 mM, 0.15 M, or 0.3 M CH3CO2NH4, and the flow rate was 0.5 ml min -1 . The column was packed with porous silica gel (pore size 150 Å) modified with hydrophilic alcohol groups; pure methanol and acetonitrile can be used as an eluent in this column.
For preparative-HPLC experiments, we used a pair of Shodex PROTEIN KW-2002.5 (300 mm × 20.0 mm i.d.) with a KW-LG guard-column (50 mm × 8.0 mm i.d.), and a JAI LC-9201 recycling preparative HPLC apparatus with a Jasco 870-UV detector. The eluent was a 50:50 (v/v) mixture of methanol and acetonitrile with 0.15 M CH3CO2NH4, and the flow rate was 5.0 ml min -1 . ESI-MS analysis after separation by HPLC was conducted using a Shimadzu LCMS-2010 mass spectrometer with an electrospray ionization unit.
Distribution coefficient
The retention volumes (V [ml]) are calculated by multiplying the retention time (min) by the flow rate (0.5 ml min -1 ), and the distribution coefficient (KSEC) is obtained from
where V0 is the void volume of the column and Vi is the inner volume of the gel. The retention volume (7.3 ml) of PEG 20000 was used as V0 because the molecular volume of PEG 20000 is larger than the exclusion limit of the used column. The retention volume of the shock peak (12.1 ml), which was observed when neat acetonitrile was injected, was used as the total permeation volume (Vt), because acetonitrile should be much smaller compared to the voids of the column, and has no electric charge. The value of Vi was obtained as 4.8 ml by subtracting V0 from Vt.
Post-treatment of eluted samples
The complexes were isolated from the effluent as follows. Water containing an excess amount of KPF6 relative to the complexes was added to the effluent and was evaporated until the organic solvent was removed. The PF6 salts of the complexes were extracted by CH2Cl2 and the organic layer was washed with water several times. The complexes were then obtained by evaporating the solution.
Results and Discussion
Analytical conditions
We aimed to use methanol and acetonitrile as eluents because of the high solubility of the metal complexes. A sample mixture of [4e] 4+ , [3e] 3+ , [2e] 2+ , and [1-P] + was not eluted from the SEC column with either neat methanol or acetonitrile, but the addition of salts into the mobile phase caused the complexes to be eluted. The added salts probably blocked the electrostatic interaction between residual silanol groups on the gel and the complexes. We added CH3CO2NH4, because sufficient amounts of this salt can be dissolved in neat methanol, acetonitrile and of their mixture. This salt has an additional feature of a relatively low sublimation temperature, which is desirable if an electrospray ionization mass spectrometer is used as a detector for HPLC. A mixed solution of methanol-acetonitrile (1:1 v/v) with 0.15 -0.3 M CH3CO2NH4 is the most suitable eluent for our analytical-SEC. Eluents with lower salt concentration, such as 50 mM, cause a tailing of the chromatographic peaks of highly charged complexes, as shown in Fig. 1 ; also, higher concentrations of acetonitrile (75 v%) cannot elute some complexes from the SEC column. The addition of both the salts and methanol is therefore crucial for elution of the complexes.
All samples shown in Schemes 1 -3 were eluted using an eluent mixture of acetonitrile and methanol (1:1 v/v) with 0.3 M CH3CO2NH4 from the SEC column; the chromatographic peaks were sharp and symmetrical. Figure 2 shows typical chromatograms of the linear-shaped multinuclear rhenium(I) complexes (dimmer-octamer) analyzed using the analytical SEC column. The retention time is shorter for complexes with higher numbers of rhenium units; plots of the logarithms of molecular weights excluding those of counter anions (MW: 1247.2 -6004.1) against KSEC showed a good linear relationship, as can be seen in Fig. 3 (black 
Analysis of rhenium(I) multinuclear diimine complexes
This result clearly demonstrates that the linear-shaped multinuclear rhenium(I) complexes were fundamentally separated by the size-exclusion effect of the SEC column. 13 Recently, we set up a mixture of linear-shaped polynuclear 547 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 rhenium complexes with up to 50 rhenium(I) repeated units. The SEC method is very useful for determining the number of the repeated units in such high-molecular-weight polymers with high charges, which cannot be analyzed using NMR, IR, or ESI-MS methods.
The area under the peak was directly proportional to the concentration of the complex (r > 0.995) in the ranges of 0.17 - (3) ). Because spectroscopic methods, such as NMR and IR, are useless for determining the number of repeated units in the ringshaped rhenium oligomers, the SEC method reported in this paper is particularly well suited for this purpose.
log MW = -2.94KSEC + 5.40 (r = -0.999; n = 5).
(3) Figure 3 indicates that the ring-shaped rhenium(I) multinuclear complexes eluted more slowly than the linearshaped complexes. It has been reported that the hydrodynamic volumes of ring-shaped polymers are generally smaller than the corresponding linear-shaped polymers, even if the molecular weights are the same, because of the rigidity of the ring. 5, 6 This should be the same in the present case. Figure 5 shows plots of KSEC vs. log MW for the mononuclear rhenium(I) complexes. Since the SEC column used in this study is suitable for molecules with reduced mass of less than 20000, based on polyethylene glycol, these complexes should be separated according to their hydrodynamic volumes; in fact, there is such a tendency in Fig. 5 . However, other factors, such as the anionic ligands, the CF3 substituents, and the shape of the phosphorus ligand, also seem to play important roles. Although similar tendencies were observed in the linear-shaped rhenium complexes, the effects seem to be larger for mononuclear complexes, probably because the differences in the molecular weight are relatively smaller.
Mononuclear rhenium(I) complexes and bimetallic complexes including ruthenium(II)
The SEC method allows the successive separation of ruthenium(II)-rhenium(I) and ruthenium(II)-ruthenium(II) bimetallic complexes according to their molecular weight, as shown in Fig. 6 . Equation (4) is a collection curve for these bimetallic complexes:
log MW = -0.40KSEC + 3.37.
Preparative SEC The SEC method can be used to isolate multinuclear complexes from mixtures including complexes with various 548 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Figure 8a shows a typical example of analytical SEC chromatograms of a synthesized crude sample. We tried to isolate [5e] 5+ , for which the peak was observed as a shoulder peak at 20.3 min, from the sample. After recycling 11 times through a preparative SEC column, an eluent containing almost pure [5e] 5+ was obtained, as shown in Fig. 8b .
Conclusion
Cationic rhenium(I) and ruthenium(II) mono-and multinuclear complexes can be successfully separated based on the sizeexclusion effect of SEC by using a methanol-acetonitrile mixed eluent containing 0.15 -0.3 M CH3CO2NH4.
Plots of logarithms of molecular weight versus the distribution coefficient showed a good linear relation for three series: the linear-shaped rhenium(I) multinuclear complexes; the ringshaped rhenium(I) multinuclear complexes; and the ruthenium(II)-rhenium(I) and ruthenium(II)-ruthenium(II) bimetallic complexes. This separation method is also applicable to the preparative scale, resulting in successful isolation of the cationic multinuclear complexes. 549 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 5+ using preparative SEC with recycling 11 times. The analytical conditions were the same as in Fig. 2 .
